Super alloy has extensive engineering applications in nuclear industries owing to its outstanding performance characteristics at elevated temperature. More than 30% of consumption in nuclear industries is super alloy. A number of holes are required to be drilled into super alloys for their final stage assembly. During conventional machining process, excessive heat is generated, which is the cause of heat treated zone that further affect the life and performance of the product. To overcome this difficulty, a rotary ultrasonic machining method came into existence to machine super alloys by hybrid cutting action (vibratory and rotary) of diamond impregnated core drill. This study focuses on the machining characteristics of super alloy by RUM process. The empirical modelling of process parameters of RUM is carried out for super alloy (Inconel 718) using an experimental design approach called response surface methodology. Material removal efficiency of RUM and surface topography of the machined material are studied. The results reported that for quality and productivity aspect, the feed rate in RUM is found a most critical factor. 
Introduction
The super alloys are broadly used in modern industries due to excellent corrosion resistance, chemical stability, and temperature strength (A.S.M. International and A. Rights, 2000) . The uses of these alloys can be widely seen in the nuclear and aerospace industries. Beside it, the application of such super alloys has been extended into various engineering applications like manufacturing of moulds for pressure die casting, punching die, nuclear furnaces, gas processing and chemical processing. The processing of super alloys requires high cost that directly affects the characteristics and performance of the material at the end user. In composition, Nickel-base alloys usually contain more than 50% nickel, whereas, in the nickel-iron-base alloy, nickel is the main (less than 50%) component of the alloy. In addition, some minor elements (i.e., silicon, phosphorus, sulphur, oxygen and nitrogen) are accommodated to small level in the formation of the product.
Many wrought nickel-base super alloys contain 10%-20% Cr, near about 8% Al and Ti, 5%-15% Co, and a little amount of boron, zirconium, magnesium, carbon and other additives are added to improve surface stability (Nalbant et al., 2007) . Amongst the commercially utilised super alloys, nickel-based super alloys are considered as the most leading alloys in manufacturing industries, accounting for around 45% of wrought nickel-based alloy products and 25% of cast nickel-based products.
Machining of nickel-based super alloys
Ni-based super alloys are sophisticated structured materials that make it responsible for its poor machinability. It consists of an austenitic matrix like stainless steels and it work hardens quickly due to excessive heat generation during machining. Moreover, localisation of shear in the chip produces an abrasive saw-toothed edge which makes swarf handling difficult. These alloys likewise have the probability to weld with the tool materials at the high temperature generated during machining. The tendency of built up edge during machining and the occurrence of hard abrasive carbides in their microstructure also deters machinability of such materials. These characteristics are generally responsible for the development of high stresses and high temperature (more than 1,000ºC) generation in the cutting zone, resulting in accelerated flank wear, cratering and notching (Khidhir and Mohamed, 2010) . The nickel-base super alloys harden by the precipitation of a γ′ phase of the type Ni3 (Ti, Al). Increase in the quantity of γ′ phase that is obtained by raising the amount of titanium and aluminium escalates the rate of tool wear (Dreshfiezd, 1970) . Amongst all the difficulties, the cubic boron nitride (CBN) is one of the solutions for the processing of super alloys (Zhou et al., 2012) . It is one of the hardest materials available after diamond but does not occur in nature. The synthesis of polycrystalline CBN is composed of more than 50% CBN combined with ceramic binders such as titanium nitride and titanium carbide. High amount of CBN content is desirable for cutting of such kind of tough materials like super alloys. Higher CBN content generally offers enhancement in the chipping resistance. It has been reported that while machining of Inconel 718, the performance of the tools with high CBN content is better because of their high hardness (Bhatt et al., 2010) . The CBN enabled tools are used to machine nickel or cobalt-based alloys containing hardness equal to or greater than 340 HV.
A conventional diamond cutting method aided with ultrasonic vibration has come into existence in the form of hybrid machining method called rotary ultrasonic machining (RUM) in which a high frequency oscillating and rotary metal bonded diamond core drill tool enables it to machine hard and complex materials (i.e., ceramic, super alloys, titanium, etc.) . In addition, no heat treated/affected zone is created after machining with RUM process (Singh and Singhal, 2016a; Abdo et al., 2013; Feng and Xu, 2012) . The effective trial of RUM process as an ultrasonic milling was carried out by Pei et al. in 1995 . The application of this hybrid method was extended to the drilling, grinding and face milling of ceramics with preliminary experiments. The ranges of the parameters employed during the experiment were: 1,000 and 3,000 rpm for tool rotation, 0.023 and 0.033 mm for the amplitude of tool, 0.1, 0.35 and 1 mm for cutting depth and 0. 381, 0.762, 1.524, 3.048, 6 .096 mm/min for feed rate. Zhang et al. (2011) studied the ultrasonic process with variable spindle speeds (1,000 up to 3,000 rpm) and observed that there is not any influence of tool speed on the MRR. Hu et al. (2002) conducted ultrasonic drilling process for zirconia ceramic by varying the RUM power rating (percentage of 500 Watts) from 40% to 70% in step size of 10% and finally achieved best MRR at a power rating of 70%. Lauwers et al. (2010) examined the distinct cutting depth (10-50 µm) and different feed rate (100-500 mm/min) during the ultrasonic grinding process. The outcome demonstrated that a feed rate of 100 mm/min resulted in a minimum cutting force while machining of ZrO 2 . Li et al. (2005) investigated the viability of RUM on two varieties of ceramic matrix composites (CMC). It was found that with diamond drilling procedure, the cutting force can be lowered substantially and the edge quality of hole at entrance and exit was made almost free of fibre pull-out, under appropriate machining parameters. Kataria et al. (2015) investigated the hole quality and machining characteristics of tungsten carbide composite by utilising a sinker type ultrasonic machine. Power rating, diamond abrasive grit size, and tool material were found to be the most significant parameters for machining characteristics namely; MRR and TWR. The highest MRR was obtained at a combination of high power rating and coarse grit size. Singh and Singhal (2016a , 2016b , 2016c investigated the machining characteristics of Al 2 O 3 and quartz ceramic by employing an experimental design approach through response surface methodology (RSM) and concluded that higher feed rate gives the best solution with respect to MRR. Increased spindle speed leads to an increase in the volume of indentation proportionally, which further caused higher MRR. Furthermore, the reference Churi et al. (2006) and Zou et al. (2013) studied the effects of machining variables of RUM for titanium and its alloy to analyse its effects on MRR, cutting force, roughness inside the hole surface and cutting temperatures. Lv et al. (2013) worked on RUM and concluded that subsurface damage induced in RUM was discriminated as grinding, chipping and cracking on the BK7 glass. investigated the hole quality, roughness, TWR, MRR, thrust force, at distinct levels of parameters such as RPM, ultrasonic power and feed rate of RUM.
Much research has been carried out on RUM under different working environment. It has been found out that till today, 40% literature is on RUM development, 58% on monitoring and control of processes and only 2% work has been done on the optimisation of the process variables of RUM Zhang et al., 2013; Churi et al., 2007) . In addition, hardly any study reported on RUM for nickel alloys which offer low amplitude and high-frequency vibration; 28 µm and 20,000 Hz, respectively. To improve the productivity and quality of the product, a performance analysis must be carried out for such kind of complex materials (i.e., Inconel 718) on the RUM. The main objective of the present research is to study/investigate the effect of different process parameters of RUM and find out significant or non-significant terms using RSM.
Materials and methods
In the present work, RUM is used to carry out the necessary experiments, made by Sonic-Mill Series 10 (Sonic-Mill, Albuquerque, NM, United States). In the machining setup, a high-frequency (20 kHz) electrical energy is converted from a normal power supply (50Hz). A piezoelectric transducer converts electrical energy into mechanical activity. The amplified motion causes the diamond tool attached to the spindle to oscillate along feed direction. The frequency of vibration is 20 kHz. The power rating can be adjusted by adjusting the power supply. An electric motor is attached to the top of the ultrasonic spindle supplies rotating motion to the tool. The variable speeds are adjusted by the speed controller attached to the control panel. The coolant flow can be adjusted by the valve mounted on the pressure gauge. Diluted water-soluble coolant or cutting oil (Mobilmet S-122, Mobil Oil Corporation, Fairfax, VA, United States) is used with the ratio of oil to water 1:20. Figure 1 illustrates the RUM process. The Inconel 718, a Ni-based super alloy is selected for the machining on RUM. The size of the workpiece is decided on the basis of the working conditions. A square sheet of 50 × 50 × 5 mm thickness is used. So that it can be easily held to the fixture. The mechanical properties and chemical composition of Inconel 718 are demonstrated briefly in Table 1 . In the present research work, a slotted metal bonded diamond core drill tool is utilised for the machining of selected material. It has wide applications in machining of brittle and hard materials. In metal bonded tool, diamond abrasives are mixed with metal powder to make a bond between abrasives and metal. The diamond segments only take part in material removal. With the passage of time, the metallic powder wears down and exposes new diamond crystals at the tool surface, thereby maintaining a fresh abrasive on the cutting surface. The dimension and profile of the tool play a critical role in the RUM process. For the present investigation, the outer (OD) and inner (ID) diameters of the diamond drill are selected as 8 mm and 6 mm respectively. Figure 2 shows the profile of tool used for the present research work. 
Experimentation
A human process planner can select machining process parameters using his own knowledge or experience. However, every time these parameters do not give the optimal outcomes. Studying the effects of experiment's parameters needs many trials and a lot of time. Several design-of-experiments (DOE) approaches are broadly used to overcome this kind of problems. To find the optimum conditions of parameters for RUM, RSM is used design the layout of the experiments. RSM is a collection of mathematical and statistical techniques useful for analysing problems in which several independent variables influence a dependent variable or response, and the goal is to optimise this response. The advantages of using the RSM method are that many more factors can be optimised simultaneously and quantitative information can be obtained by only a few experimental trials. Table 3 shows the experimental plan to conduct the experiments. Total 21 experiments are decided to perform. The range of the four selected variables as input parameters are shown in Table 2 . For four variables (n = 4) and two levels [low (-) and high (+)], the total number of experiments 21 is determined by the expression: 2 n -1 (2 4 -1 = 8: factor points) + 2 × n(2 × 4: 8axial points) + 5 (centre points), as shown in Table 3 . For the present case, four RUM parameters such as tool rotation, feed rate, ultrasonic power and diamond abrasive grit size are selected. A full second-order polynomial model is obtained by multiple regression technique for four factors by using analysis of variance (ANOVA). In developing the regression equation developed by Box and Hunter (1957) . The test factors are coded according to the following equation (Arnold, 2006) :
where x i is the coded value of the i th independent variable, X i the natural value of the i th independent variable, X i0 the natural value of the i th independent variable at the centre point, and ΔX i is the step change value. are the quadratic coefficients. Some other parameters are kept constant during the machining namely; tool diameter 8 mm, the frequency of vibration 21 kHz, coolant pressure 300 kPa. The machining rate (MR) and roughness (R a ) are selected as the response variables for this investigation. MR is obtained from the weight measurement (before and after each experiment) of the workpiece. An electronic weighing scale (±0.0002 g) is used for measuring the weight of workpiece after each trial. The measurements are repeated two times. The response parameter MR is calculated by using the equations (4) and (5). R a is measured by using roughness measuring machine (Surfcom, Flex) as shown in Figure 3 .
volume density mass = × 
Results and discussions
The central composite design (CCD) is used to build up an empirical model to inter-relate RUM process parameters. 21 experiments are carried out according to CCD. To predict the response and analyse the process parameters producing an optimum value of variables, empirical models are developed. For the development of empirical models, the responses taken are 1 machining rate (MR) 2 roughness (R a ).
Using statistical analysis tool, control of each parameter on each performance feature is discussed. The experiments are carried out with one replication. The average values of MR and R a are shown in Table 3 . For the analysis and checking the fitness value of the model, ANOVA is performed. The model adequacy checking incorporates a test 1 for the importance of empirical model 2 lack of fitness test.
The following sections analyse the results obtained for MR and R a .
Analysis of MR
The experimental results for MR are demonstrated in Table 3 . These results are analysed using design-expert package. Three different tests, lack-of-fit test, the sequential model sum of squares, and model summary statistics are performed to check the adequacy of the model. The quadratic model is found to be adequate as shown by the fit summary of the tests. Table 4 revealed that there are a lot of insignificant model terms available in the model. Hence, to improve the adequacy of the model, the model reduction is performed by the backward elimination process that eliminates the unimportant terms in order to fit the quadratic model for sustaining the hierarchy of the model. Table 5 shows the results of pooled ANOVA after implementing the backward elimination. Figure 4 (a) shows the normal probability plot of the residuals which reveals that more than 90% of residuals are declining within ±3 sigma limit and residuals are settled by the straight line (Torres et al., 2015) . In additional, it can be seen from Figure  4 (b) that the experimental values are chasing the predicted ones calculated from the obtained model. The F-value of the model is obtained as the mean square of the model divided by the residual mean square. The F-value test is carried out by analysing a comparison of the model variance with the residual variance. Once the value of the variances is just about same, the proportion will be close to unity and which is not as likely that model has a significant influence on the response. A specific source of deviation is significant if the computed F-value at a particular confidence level is larger than the tabulated F-value at the same level of confidence. The model has F-value of 556.61 and P-value significantly less than 0.01. It depicts that the model is significant for machining rate. The B is found the most significant model terms followed AB and D for machining rate. The percentages of contributions can be computed by dividing the 'individual' sum of squares to the 'model' sum of squares. Figure 5 shows the percentage contribution of all significant terms. 
Analysis of R a
The investigation results shown in Table 3 are analysed for R a . On the basis of fitted value, the adequacy of the quadratic model is proposed by design expert package. ANOVA is performed in order to analyse the obtained results of the quadratic model. From Table 7 , it is found that there is a lot of non-significant model terms present in the model. Table 8 shows the results of pooled ANOVA. A backward elimination method is used to eliminate the non-significant terms from the quadratic model. From Figure 6 it can be observed that more than 90% of residuals are falling within ±3σ limits. It can also be seen from Figure 6 (b) that the experimental values are chasing the predicted ones calculated from the obtained model for R a . The conformity for the reliability of ANOVA results is shown in Table 8 . The significance of the model is shown in this table with the 82.76 F-value. The resulted P-value less than 0.0001 points to the significance of the model terms. In the present study, the model terms A, is found the most significant term of RUM followed by A, D, A, C, AC, BC, CD, and BD for R a . The lack-of-fit value obtained from the model is 19.03 which show that its value is insignificant relative to pure error. There is only 13.07% chance that a lack-of-fit could occur due to noise. Insignificant lack of fit is fine since it allows the model to fit the actual or experimental values. Table 9 , shows that the R 2 value for R a is 0.9854. It explains that there is less variation between predicted value and experimental value of R a . As far as other R 2 statistics are concerned, there is a good agreement in the value of pred R 2 (0.9986), and Adj R 2 (0.9735). Furthermore, the adeq precision of 35.581 measures the signal-to-noise ratio. Usually, a value greater than four is desirable (Montgomery, 2008 
Effect of significant process parameters on MR
From the ANOVA, ( Table 5) Figure 7 depicts that higher machining rate can be achieved when big abrasive size of diamonds are used in diamond core drill tool. Like ultrasonic power abrasive size of diamond also shows a square model term and a curvature is obtained in Figure 7 In the interaction plot, the simultaneously two parameters are varied remaining two process parameters kept constant. This type of plot is called 3D surface plot. The interactions plots are plotted in Figure 8 tool rotation is an insignificant factor in the RUM of Inconel 718. Although, a combined effect of feed rate and rotation speed play a vital role in cutting. The combined effect of feed rate and spindle speed on MR (Figure 8) shows that MR goes to the highest value 0.98641 mm 3 /sec at a maximum value of tool rotation (5,400) and higher value of feed rate (0.0175). A possible reason for happening it may be the increase in tool rotation speed and feed rate, it enhances the contact duration between workpiece and tool. It may cause the higher metal removal from the surface of the workpiece. While it arrives at its minimum level (0.43452) when the tool rotation (5,400), and feed rate are at minimum (0.01) level. This is due to the fact that it diminished the contact time between workpiece and tool. The higher tool rotation and feed rate both factors are responsible for frequent metal removal in RUM. 
Effect of significant process parameters on R a
In the RUM of Inconel 718, main effects of variables namely; tool rotation (A), feed rate (B), diamond abrasive grit size of tool (D), interaction terms (AC), (BC), (BD), (CD), second order term of feed rate (B 2 ) are found to have significant effects on the machining surface. Tool rotation (A), feed rate and diamond abrasive grit size of the tool is observed to contribute approximately 90% of the overall disparity in the response data. Figure 9 shows the effects of all factors on the roughness of the machining surface. The R a is found to increase steeply as feed rate is incremented from 0.01 mm/s to 0.02 mm/s. Higher R a has revealed as feed rate of diamond impregnated core drill tool increases. The increment in feed rate causes into the increased indentation depth of the diamond abrasives which further promotes the rough cutting of work surface (chipped out and dipper groove region), hence increased R a is observed. However, the increment in tool rotation resultant with continuing decreases in R a . From the ANOVA (Table 8) it is noted that abrasive grit size of the tool shows a square model term and because of this, a curvature is plotted against the roughness. From abrasive grit size 80 mesh to 120 mesh, surface roughness is decreased (1.2305 micron-1.0159 micron) and then increased (1.0159 micron-1.1037 micron) up to 160 mesh. Figure 10 illustrated two factors interactive effect plots while machining Inconel 718 with the RUM process. Figure 10(a) illustrates the combined effects of ultrasonic power and tool rotation on R a . The R a is observed to fall (1.1391 micron-0.7917 micron) as tool rotation level improved from 4,200 rpm to 5,800 rpm. As tool rotation enhances from 4,200 rpm to 5,800 rpm, the chances of enhancing the grinding action which further promotes the fineness in the machining surfaces. Furthermore, increase in ultrasonic power with tool rotation resulted into enhancing the indentation length of abrasives which heals the sharp regions of the work surface. A local rise in temperature of the machining region which makes work surface softer and enhances the propensity of plastic flow of material, thus reduced R a is observed. The very slow increment (1.010 micron-1.021 micron) in R a is observed as ultrasonic power incremented from 55% to 75%. 
The combined influence of feed rate and ultrasonic power on R a is represented in Figure  10 (b). Higher R a is revealed as feed rate of diamond impregnated core drill tool increases. The increment in feed rate causes into the increased indentation depth of the diamond abrasives which further promotes the rough cutting of work surface (chipped out and dipper groove region), hence increase in surface roughness is observed. The R a is reduced at higher levels of ultrasonic power which may be due to the grinding length of the abrasive tool. The combined influence of feed rate and abrasive grit size of diamonds on R a is represented in Figure 10 (c). Higher R a is revealed as feed rate of diamond impregnated core drill tool increases. With increase in feed rate, R a increases steeply, whereas R a is reduced at higher levels of abrasive grit size which may be due to the conventional grinding action of the abrasive tool.
The combined influence of ultrasonic power and abrasive grit size on R a is described in Figure 10(d) . With increase in ultrasonic power, R a decreases steeply, whereas R a first decreases as abrasive grit size decrease from 80 mesh to 120 mesh, and then increases from 120 mesh to 160 mesh. Figure 11 shows a pictorial view of machined workpiece 'Inconel 718'. 
Micro structure analysis of machined surface
To study the microstructure of workpiece before and after machining with RUM, scanning electron microscopy test is executed on the work samples. Figure 12 shows the microstructure of Inconel 718 prior to RUM process. Before performing the SEM analysis, the machined specimens/workpiece are cleaned with the acetone solution. Prior to RUM it can be observed that the grain size is almost uniform throughout the surface. respectively. Figure 13 depicts the SEM image of the machined surface corresponding to the experimental no. 5 at 1,000 X. The parametric setting for experimental run 5 was having a combination of high level of feed rate and tool rotation. In RUM process, the diamond abrasive tool vibrating at ultrasonic frequency hammered the machining surface and because of this the initiation and propagation of micro-cracks take place. The cracks propagation length is longer as the feed rate is high, so material removal volume of crack propagation is also larger, and the surface morphology change intensity is gentle. While the cracks propagation length is shorter because of low feed rate, so material removal volume of crack propagation is tiny, and the detail of surface morphology is clear ( Figure 14) . The deep indentations mark present over the surface, further promote the removal of material from machining surface. Higher tool rotation is showing great influence over the machined work surface (Singh and Singhal, 2016a; Pi et al., 2013) . This removal of material in the form of bigger chunks is due to the higher feed rates that cause the larger indentation of abrasives into the work surface. Figure 15 depicts the SEM image of the machined surface corresponding to the experimental no. 11 at 1,500 X. This microstructure reveals that, at the parametric setting of moderate level of higher tool rotation, feed rate, ultrasonic power, and abrasive diamond grit size, more regions of plastic deformation can be observed. Higher contact of the diamond abrasives cause the shatter of the work material, and hence results in a regime layer spread over the machined surface.
In addition to this, the machined surface has also been observed to be free from any kind of thermal effects. Figure 16 exemplified the EDX image of workpiece surface after RUM process which ensures that the composition of the machined surface still remains same to its parental material's properties. The material is also coupled with the superior fracture toughness which does not support the propagation of micro cracks. In machining of Inconel 718, crack propagation is rarely observed because the machining work surface is pressed by the tool abrasive. Figures 17, 18 and 19 demonstrated the two-dimensional waviness and roughness profile of the machined surfaces corresponding to experiment no. 5, 11 and 19, respectively. A small region is extracted from the machined surface to analyse the surface topography. Profile and waviness in Figures 17, 18 and 19 show the trend of the average roughness and volume of the material removal over the entire machined surface corresponding to experiment no. 5, 11 and 19, respectively.
Experimental run 5 (Figure 17 ) shows higher machining rate over the other experimental runs and experimental run 19 (Figure 19 ) shows lower surface roughness over others experimental runs. 
Optimisation
Increasing the value of machining rate decreased the integrity of the machined surface. The setting of RUM at high value causes high machining rate but result in high irregularities on the work surface. Therefore, it is essential to obtain the optimal parameters setting to achieve higher machining rate and minimum roughness. The optimal RUM parameters setting for MR and R a can be obtained using desirability function. Derringer and Suich (1980) proposed a multi-objective optimisation technique called desirability function. This common technique is to first convert each of the response y i (x) into an individual desirability function (d i ) and vary over the range zero to one. In the present investigation, statistical tool is utilised to find the optimal values of the response variables simultaneously. Derringer and Suich (1980) proposed the few types of desirability function. Some of them as: The parameters settings corresponding to maximum overall desirability value considered to be the optimal setting (Kumar et al., 2016) .
For single response optimisation
The optimisation of single response has been performed if productivity (MR) dominates the quality (R a ) or vice versa. For the process variables to be optimised, the goals and range are illustrated in Table 10 . The goal is set to 'in range' for all the process parameters and responses, which means that parameters will be optimised for searching the space within the design limit i.e., lower and upper limit. All the variables are assigned with equal weights and same importance. The machining solution possesses overall desirability value which must be closer to one as optimised solution. For MR as the single response optimisation: tool rotation -5,200 rpm feed rate -0.0198 mm/s, ultrasonic power -65%, and diamond abrasive diamond grit size -80 mesh are the best combination for optimum recipe. For R a as the single response optimisation: tool rotation -4,900 rpm, feed rate -0.0101 mm/s, ultrasonic power -60% and diamond abrasive diamond grit size -140 mesh are the best combination for optimum recipe. At these predicted optimum conditions, the confirmatory experimental runs have been conducted.
The predicted values and average of confirmatory experimental results for MR and R a are also tabulated in Table 11 . Figure 20 Corresponding values of all factors with desirability (see online version for colours) 
For multi-response optimisation
The responses MR and R a are highly conflicting in nature. The aim of the present investigation is to hit upon the optimal parameter settings and attain the maximum overall desirability for superior RUM machining rate and surface roughness. The ranges of input parameters namely tool rotation, feed rate, power rating and abrasive diamond grit size for machining rate and surface roughness are given with their constraint in Table 10 . Table 11 shows the grouping of RUM process parameters that offer the maximum desirability. Figure 20 shows the plots offering overall desirability for MR and R a . The overall desirability index of 0.76 is attained at optimised condition, as shown in Figure 20 . As the higher value of desirability, optimal recipe of RUM parameters for multi-response is as: tool rotation 5,800: feed rate: 0.0167, ultrasonic power: 55, and mesh size: 140. Experimental values resulted in the corresponding setting to optimal response for MR and R a are 0.83452 mm 3 /sec and 0.7763 micron that is found much closer to the predicted values.
Conclusions
This research is aimed at exploring the use of the rotary ultrasonic machine for cost-effective machining of super alloy and establishing optimised process settings for MR and R a through a central composite technique for designing the experiments. The following conclusions have been drawn from this research:
• With the assistance of ultrasonic vibration, a better surface quality can be expected for machining of super alloys.
• Using ANOVA, quadratic model is found significant for both MR and R a . Increasing feed rate increases the indentation rate of tool that results in a high value of MR but it adversely affects the R a . Increasing mesh size decreases the MR but improves the surface finish as fine grinding. The factor tool rotation is no very significant in the case of machining rate but improves the R a due to the rotary grinding action RUM. Similarly, ultrasonic power rating also is showing the same effect as tool rotation.
• During RUM, as the penetration depth tool increases (at higher feed rate), the material is removed in the form bigger chunks and developed inter granular cracks further causes the grains removed out quite easily.
• Developed empirical models for roughness and machining rate will provide guidelines for the prediction of R a and MR in advance. Additive test results show that models are quite fit with the experimental test results.
• The best possible parametric combination for MR was devised as tool rotation -5,200 rpm, feed rate -0.0198 mm/sec, ultrasonic power -65%, and diamond abrasive grit size -80 mesh. The best parametric combination for R a was obtained as tool rotation -4,900 rpm feed rate -0.0101 mm/sec, ultrasonic power -60% and diamond abrasive grit size -120 mesh.
• The optimum parametric combination for MR and R a is formulated as are as tool rotation -5,800 rpm, feed rate -0.0167 mm/s, ultrasonic power -55%, and diamond abrasive grit size -140 mesh. The maximum value of MR, i.e., 0.86849 mm 3 /sec and a minimum value of R a , i.e., 0.8002 µm indicate that the Inconel 718 can be effectively machined by rotary ultrasonic machine despite the toughness of the material. The RUM can also be utilised for the machining of other tough aerospace materials.
